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Abstract 
The environmental contaminant dioxin exerts most of its effects by activating the aryl hydrocarbon receptor (AhR). The AhR is 
considered to play not only a role in the regulation of xenobiotic metabolism, but also for development, growth, and differentiation. The 
transcript levels of the AhR and its associated translocator protein (ARNT) were found to increase with ongoing differentiation in the 
human keratinocyte cell line HaCaT. Correspondingly, in situ hybridization studies in normal human skin revealed an absence of 
AhR-expression in proliferating basal cells and increasing transcript levels in upper cell layers, in dependence of keratinocyte 
differentiation. AhR expression i  differentiation-deficient hyperproliferative psoriatic skin was markedly decreased. When keratinocytes 
were continuously treated with 1 ~M retinoic acid (RA), the upregulation of AhR- and ARNT-mRNA levels was inhibited as was keratin 
4-expression, a marker of HaCaT-keratinocyte differentiation. In contrast, treatment of already differentiated cells with RA did not 
down-regulate these transcript levels. The mRNA levels of the prevalent retinoic acid receptors in keratinocytes, RARy and RXR c~, were 
not influenced by the process of differentiation or by addition of RA. Our data suggest hat the regulation of AhR-, ARNT- and keratin 
4-expression by RA is indirect and mediated by a yet to be identified factor. 
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I. Introduction 
2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) is the most 
potent member of a class of planar halogenated polycyclic 
hydrocarbons, generically termed dioxins. These sub- 
stances are generated as unwanted byproducts in the pro- 
duction and waste combustion of chlorinated organic com- 
pounds or by chemical accidents [1]. They persist in the 
environment and accumulate in the food chain due to their 
chemical stability and lipophilicity. The responses to an 
exposure of dioxin in laboratory animals are pleiotropic 
and in part species specific. Immunotoxicity, reproductive 
and endocrine ffects, developmental toxicity, generalized 
ectodermal dysplasia, tumor promotion, induction of cleft 
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palate and further effects have been described [2]. The 
most prominent effect of a high dose exposure to dioxin in 
humans is the development of chloracne [3], a persistent 
acneiform condition characterized by comedones and cysts 
of the skin suggested to be caused by a disturbance of the 
normal differentiation process of keratinocytes [4]. 
TCDD and its congeners are well known inducers of 
enzymes involved in xenobiotic metabolism such as cy- 
tochrome P -450-1A I  (cyp lA1)  [5] or UDP-  
glucuronyltransferase [6]. Several investigators suggested, 
in addition, a role for TCDD in the regulation of cellular 
proliferation and differentiation. Thus, an altered expres- 
sion of growth factors or of their respective receptors uch 
as EGF [7,8], TGF/3 [9] or IL-1/3 [10] has been reported. 
Furthermore, a modulation of hormone levels or the ex- 
pression of their respective receptors has been described 
for estrogen [11], thyroid hormones [12] and glucocorti- 
coids [13]. 
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Most of the effects of TCDD are suggested to be 
mediated by specific binding to the aryl hydrocarbon 
receptor (AhR), also designated ioxin-receptor [14]. Evi- 
dence for its expression has been found in almost all 
mammalian species and tissues studied, mainly based on 
the specific induction of the gene cyplA1 coding for 
cytochrome P-450-1A 1 [ 15]. The AhR is a ligand-activated 
transcription factor that belongs to the family of helix- 
loop-helix DNA-binding proteins [16]. The AhR is part of 
a tetrameric omplex consisting of the ligand binding 
subunit itself, two molecules of HSP90 and one molecule 
of p50 [17]. By binding of TCDD to its receptor, the other 
proteins dissociate and the AhR dimerizes with the aryl 
hydrocarbon receptor nuclear translocating protein 
(ARNT) to form the DNA-binding species [18]. This com- 
plex is translocated to the nucleus where it functions as a 
transcriptional enhancer by binding to specific sites on 
DNA named dioxin responsive lement (DRE) or xenobi- 
otic response lement (XRE) [19]. So far, an endogenous 
ligand for the AhR has not been identified. Studies on AhR 
knockout mice have revealed, however, a substantial role 
of this receptor in liver and immune system development 
[201. 
Several dioxin-induced effects in laboratory animals 
resemble the clinical status of vitamin A deficiency [21]. 
The retinoic acid (RA)-induced transglutaminase expres- 
sion is suppressed by TCDD in human squamous carci- 
noma cells [22]. A simultaneous treatment of mice with 
RA and TCDD resulted in increased cleft palate formation 
[23]. This study also revealed an induction of the retinoic 
acid receptor /3 (RAR/3) and the type II cellular retinoic 
acid binding protein (CRABPII) by RA which was inhib- 
ited by TCDD in murine embryonic palate mesenchymal 
cells. Taken together, these results argue for a molecular 
interaction between the RA- and TCDD-signaling path- 
ways. 
The effects of retinoids are mediated by two families of 
nuclear etinoic acid receptors, RAR and RXR, which are 
transcriptional regulatory factors that belong to the steroid 
receptor superfarnily [24]. RART and RXRa are the 
prevalent receptor types in the epidermis [25], and the 
expression of functional RARs is necessary for normal 
skin development [26]. RA has, in addition, effects on the 
regulation of growth and differentiation, including inhibi- 
tion of the differentiation program in vitro [25]. 
The AhR-gene is not only transcribed in keratinocytes, 
but its level of expression depends on the stage of kera- 
tinocyte differentiation i vitro [27]. Here we demonstrate 
the dependence of AhR gene expression on differentiation 
in vivo by means of in situ hybridization in normal and 
psoriatic skin, chosen as one of the most common skin 
diseases associated with altered keratinocyte proliferation 
and differentiation [28], and we report that retinoic acid 
affects the gene expression of AhR, ARNT and keratin 4, a 
marker of HaCaT-keratinocyte differentiation, in prolifera- 
tive cells only. 
2. Materials and methods 
2.1. Cell culture 
Culture of HaCaT-cells [29], kindly provided by Dr. N. 
Fusenig (Heidelberg, Germany), was performed as de- 
scribed [27]. The growth-medium was changed twice a 
week. At the day after seeding (corresponding to day 1), 
either all-trans retinoic acid (10 -8, 10 -7, 10 -6 M) (RA) 
(Sigma, Deisenhofen, Germany), 10 nM 2,3,7,8-TCDD 
(Okumetric, Bayreuth, Germany), 1 /xM RA plus 10 nM 
TCDD, or vehicle control containing 0.1% dimethyl sul- 
foxide (DMSO) (Merck, Darmstadt, Germany) were added. 
The additions were renewed with each exchange of the cell 
growth medium until day 21 of cell culture. In the second 
set of experiments, 1 /xM RA or vehicle control were 
added to already differentiated cell cultures at day 13. 
Cells were harvested using 0.1% Trypsin (Gibco Life 
Technologies, Eggenstein, Germany). 
2.2. Determination of  the protein contents 
Aliquots of harvested cells in constant volumes were 
subjected to four cycles of freezing in liquid nitrogen and 
thawing at 37°C, and protein concentrations were mea- 
sured with the BCA-kit (Pierce, Rockford, USA). 
2.3. Isolation and processing of  RNA 
RNA isolation, cDNA generation, competitive PCR on 
fl-actin to adjust all probes to equal amounts of cDNA (0.4 
amoles), and quantitative PCR-reactions were performed 
as described [27]. Primers for PCR and cyclings were: 
/3-actin: base numbers 2281 to 2300 and 2911 to 2930 
from accession umber M10277 at 0.1 /zM, l min at 94°C, 
30 s at 62°C and 30 s at 72°C for a total of 20 cycles; AhR 
(ligand binding subunit): nucleotides 2367 to 2386 and 
2925 to 2944 from L19872 at 0.1 /~M, 1 rain at 94°C, 30 s 
at 58°C and 30 s at 72¢C for 24 cycles; ARNT: nucleotides 
1924 to 1943 and 2295 to 2314 from M69238 at 0.1 /~M, 
1 min at 94°C and 1 min at 65°C for 26 cycles; RART: 
nucleotides 1315 to 1336 and 1660 to 1681 from M38258 
at 0.5 /xM, 1 rain at 94°C and 1 min at 70°C for 30 cycles; 
RXRa:  nucleotides 1019 to 1036 and 1405 to 1428 in 
AXR-3 [30] at 0.1 /zM, 1 min at 94°C and 1 min at 62°C 
for 30 cycles; keratin 4: nucleotides 984 to 1003 and 1551 
to 1570 fromX07695 at 0.1 /~M, 1 min at 94°C, 5 s at 
62°C and 30 s at 72°C for 23 cycles; keratin 5: nucleotides 
1167 to 1186 and 1677 to 1696 from M19723 at 0.1 /~M, 
1 rain at 94°C and 1 min at 65°C for 30 cycles. All 
PCR-reactions were started with an initial denaturation 
step for 2 min at 94°C. The primers were synthesized by 
Tib (Berlin, Germany). The total amount of cycles for each 
PCR-reaction was chosen in consideration of taking the 
probes during the exponential phase of the reaction and not 
exceeding the limit of comparable intensities of the stain- 
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ing procedure, The identity of the products was verified by 
restriction analysis or by direct sequencing [31 ]. For quan- 
titative analysis of the products, 2 /~1 of 20-/xl-reactions 
were run on 5% PAGE. Where necessary, gels were 
loaded twice at 30 min intervals in order to have all probes 
of each reaction on the same gel. The gels were silver 
stained and evaluated by densitometry with a Biometra 
ScanPack-system (Biometra, Gtittingen, Germany). Curves 
were drawn with Harvard Graphics. 
2.4. In situ hybridization 
2.4.1. Riboprobe preparation 
The digoxigenized cRNA probe of the AhR (ligand 
binding subunit) was prepared by first performing a PCR- 
reaction with cDNA generated from HaCaT-cells and as 
primers base numbers 2699 to 2718 and 2925 to 2944 
from accession umber L19872 at 0.5 /zM. The cycling 
was allowed to proceed for 2 rain at 94°C for 1 cycle, 
followed for 1 min at 94°C, 30 s at 61°C and 30 s at 72°C 
for 35 cycles and ending with 7 min at 72°C. In a volume 
of 50 /.zl, we used 0.05 U//~I Ampli-Taq-DNA Poly- 
merase (ABI, Weiterstadt, Germany) and 200 /zM dNTPs 
(Boehringer Mannheim, Mannheim, Germany). The 246 
bp-product was gel-purified, ligated into pGEM-T (Pro- 
mega, Madison, USA) and amplified in Epicurian Coli 
XL2-Blue ultracompetent cells (Stratagene, La Jolla, USA). 
Plasmids were prepared using the Quiagen plasmid midi-kit 
(Quiagen, Studio City, USA) and the identity of the insert 
was evaluated by sequencing. Digoxigenated cRNA was 
generated with 1 /.Lg of linearized (by PstI (USB, Cleve- 
land, USA) for antisense-probe, by SphI (USB) for sense- 
probe) and again gel-purified plasmid and the DIG RNA 
Labeling Kit (Boehringer Mannheim). The antisense-probe 
was transcribed with T7-polymerase, the sense-probe 
(background control) with SP6-polymerase. 
2.4.2. Skin sample preparation 
Normal human skin samples were obtained from 
melanoma surgery, 2 cm apart from the melanoma exci- 
sion from patients without any psoriatic history and by 
punch biopsy from three patients with plaque psoriasis. 
The tissue was fixed in 4% paraformaldehyde (Merck) in 
PBS (Gibco) (pH 7.2), at room temperature for 4 h and 
embedded in Jung-Histowax (Reichert-Jung, Heidelberg, 
Germany). 5-1zm sections were mounted on 3-aminopro- 
pyltriethoxysilane-coated (Sigma) slides. 
2.4.3. Hybridization procedure 
Hybridization was performed as described [32] with 50 
ng of cRNA per section. Staining was done with the DIG 
Nucleic Acid Detection kit (Boehringer Mannheim). For a 
control of the hybridization experiments, ections used for 
hybridization with the AhR-probe were examined by hy- 
bridization with a probe for the fos gene, whose expres- 
sion pattern is established [32]. 
3. Results 
HaCaT keratinocyte cell cultures, containing 0,1% 
DMSO as vehicle control, grew up to confluency within 7 
days. The total protein content of the cell cultures, which 
was used as an indicator of grown-up biomass, increased 
rapidly reaching maximal evels on day 9. This reflects the 
gradually increasing layers of differentiating cells on top 
of each other, as it is typical for epidermal growth patterns 
(Fig. I A). Keratin 4 transcript-levels, as a molecular marker 
of HaCaT keratinocyte differentiation, increased up to a 
maximum at day 1 1 of culture (Fig. I B). 
In order to evaluate the influence of RA and TCDD on 
keratinocyte growth and differentiation, we added either 
RA at 10 -8, 10 -7 or 10 -6 M, 10 nM TCDD, or 10 nM 
TCDD plus 1 /zM RA to the cell culture medium. Addi- 
tions were done at day 1 and again with each feeding of 
the cells. 10 8 or 10 -7 M RA induced no measurable 
effects on the protein content or on the mRNA levels of 
keratin 4. In addition, no observable differences in the 
morphology of the cell cultures treated with RA were 
observed at these concentrations (not shown). In contrast, 
addition of 1 /zM RA almost completely inhibited the 
differentiation of HaCaT-keratinocytes. Up to day 7 the 
growth rate was only slightly reduced, but the cells failed 
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Fig. 1. Total protein concentration (A)and relative l vels of transcripts of 
keratin 4 (B), AhR (C) and ARNT (D) over the duration of cell culture 
(indicated on the x-axis in days). Results were valuated bydensitometri- 
cal analysis of silver-stained polyacrylamide gels loaded with the corre- 
sponding PCR-products. Asterisks represent cultures treated with 0.1% 
DMSO, triangles with l /xM RA, circles with 10 nM TCDD, and squares 
with 10 nM TCDD plus 1 /zM RA. 
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Fig. 2. Relative levels of transcripts ofRARy (A) and RXRc~ (B) over 
the duration of cell culture (indicated on the x-axis in days). Results were 
evaluated by densitometrical analysis of silver-stained polyacrylarnide 
gels loaded with the corresponding PCR-products. The asterisks and the 
bold line represent cultures treated with 0.1% DMSO, the triangles and 
the fine line with 1 /xM RA, the circles and the dotted line with 10 nM 
TCDD, and the squares and the broken line with 10 nM TCDD plus 1 
/xM RA. 
to form cell layers, and cells were shed instead into the 
culture medium. The protein contents reached only about 
50% of the values of the control cultures (Fig. 1A), and the 
transcript levels of keratin 4 increased only slightly at day 
7, to return to baseline levels thereafter (Fig. 1B). 
The addition of 10 nM TCDD reduced the growth rate 
of the keratinocytes as well. Confluency was reached with 
a delay of 2 days compared to the vehicle control cell 
cultures, but multiple cell layers were nevertheless ob- 
served. Accordingly, a slower increase in protein contents 
was measured (Fig. 1A). The increase of keratin 4 tran- 
script levels was delayed by about two days during the 
growth phase, but reached similar final levels (Fig. IB). 
Cell cultures treated with the combination of 10 nM 
TCDD and 1 /xM RA grossly resembled those cell cultures 
treated with 1 /xM RA alone regarding both growth and 
differentiation (Fig. 1A and B). Keratin 5-expression, which 
is restricted to proliferating cells in the epidermis [33], 
remained unaltered regardless of the time of cell culture or 
of the various treatments (not shown). 
The steady-state l vel of AhR-mRNA increased with 
the differentiation of keratinocytes in the vehicle control 
cultures. Transcripts were detectable already at day 2 and 
were augmented by a factor of eight up to day 21 of cell 
culture (Fig. 1C). Treatment with 10 nM TCDD resulted in 
a delayed increase and in a lower total final amount of 
AhR transcript levels which corresponded to the delayed 
increase of keratin 4-mRNA (Fig. 1B, C). 10 -8 or  10 -7  M 
RA failed to alter AhR-mRNA levels (not shown), but the 
addition of 1 /~M RA resulted in fourfold reduction, 
compared to the control cell cultures (Fig. 1C). Simultane- 
ous treatment with 1 /xM RA and 10 nM TCDD lead to an 
AhR-expression comparable with RA-treatment alone (Fig. 
1C). 
Alterations in the steady-state mRNA-levels of ARNT 
were found to be very similar to those of the AhR. They 
increased with keratinocyte differentiation, and addition of 
1 /xM RA resulted in a suppression, also in the presence of 
10 nM TCDD (Fig. 1D). 
The expression of RARy and RXRa was measured 
throughout he duration of the cell cultures and with 
effective concentrations of TCDD or RA as studied above. 
No gross changes were noticed, as exemplified in Fig. 2 
which shows an analysis of quantitative PCR-probes by 
electrophoresis with only minor differences in the staining 
intensities. 
In a further set of experiments, it was examined whether 
the reduced increases of mRNA-levels for keratin 4, AhR 
and ARNT, as noticed above, were dependent on the 
continuous presence of RA throughout the culture. In an 
alternative design of experiments, we added 1 /zM RA or 
0.1% DMSO to the cell culture medium only on day 13, 
when the keratinocytes already had formed cell layers and 
were in a higher state of differentiation. The later applica- 
tion of 1 /xM RA did not result in morphological changes 
or in altered protein contents of the cell cultures. The 
mRNA-levels of keratin 4, AhR, and ARNT of treated and 
control cell cultures were examined after 4 h and 1, 2 and 
3 days after the addition of the reagents to these 13-day-old 
cell cultures. No significant differences in the amounts of 
transcripts of these genes were detected between RA-treated 
and control cell cultures at any of the incubation times 
assessed (Fig. 3). 
In order to confirm that the data observed in cultured 
HaCaT-keratinocytes are also relevant for the situation in 
vivo, expression of AhR was investigated by means of in 
situ hybridization using a digoxigenated riboprobe. In nor- 
mal human epidermis, no hybridization signals were de- 
tected in the dermis, or in keratinocytes in the basal cell 
layer of the epidermis. AhR expression clearly increased in 
upper spinous cell layers, corresponding to the localization 
of differentiating cells (Fig. 4A). AhR expression in differ- 
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Fig. 3. Silver-stained polyacrylamide g ls loaded with products from 
quantitative RT-PCR of keratin 4 (587 bp), AhR (578 bp) and ARNT 
(391 bp) resulting from cell cultures treated with 1 /zM RA (+) or 
DMSO ( - ) beginning atday 13 and harvested at the indicated time-points 
(h) after onset of treatment. The cDNAs of the different harvest- and 
treatment-groups were titrated to equal /3-actin concentrations by succes- 
sive competitive PCRs resulting in equal staining intensities (actin: 441 
bp; competitive fragment (CF): = 300 bp) as shown. 
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Fig. 4. Gene xpression fAhR (ligand-binding subunit) in vivo: in situ hybridization with a digoxigenated cRNA-probe in antisense direction i  normal 
(A) and psoriatic skin (C) and in sense direction (negative control) in normal (B) and psoriatic skin (D). Arrowheads indicate the basal cell layer of the 
epidermis. Bars = 70 /~m. 
entiation-deficient hyperproliferative psoriatic skin was 
markedly decreased compared to normal epidermis. A 
weak staining denoting AhR transcripts was seen only in 
some regions of the uppermost spinous cell layer of the 
psoriatic epidermis just beneath the stratum corneum (Fig. 
4C). Hybridization of normal and psoriatic skin with a 
sense cRNA probe yielded no detectable signal (Fig. 4B, 
D). 
4. Discussion 
The HaCaT keratinocyte cell line represents a model 
system to study aspects of keratinocyte differentiation i  
vitro [34] and keratins are useful markers to assess growth 
and differentiation of keratinocytes. Only dividing basal 
HaCaT cells express the keratin pair K5/K14, as holds 
also for primary human keratinocytes. Synthesis of the 
keratins K4/K I3 ,  but not of K1/K10 as in human kera- 
tinocytes in vivo, correlates with the differentiation of 
HaCaT cells [34]. We chose the quantitative PCR-tech- 
nique to monitor the relative mRNA-levels of keratins K5 
and K4 as indicators of the growth and differentiation 
stages of cultured keratinocytes. The mRNA levels of 
keratin 5 were, however, not altered at all during the entire 
21 days of culture, indicating a relative constant proportion 
of dividing cells. The onset of the differentiation program 
started as early as day 3 of culture, as soon as islands of 
cells had formed. This was clearly reflected by the early 
upregulation of keratin 4 transcripts. This indicates that 
growth and differentiation are not completely divided pro- 
ceeding processes under these cell culture conditions. 
The data show that the expression of the dioxin-receptor 
is closely associated with the differentiation program of 
keratinocytes. The relative steady-state levels of transcripts 
of AhR and ARNT increased with keratinocyte differentia- 
tion in vitro, and this increase was inhibited by RA. The 
differentiation-related upregulation of AhR, as observed in 
cultured HaCaT-keratinocytes, could be confirmed in vivo 
by in situ hybridization studies. We do not know of any 
other examples of AhR- or ARNT-expression depending 
on the stage of differentiation in mature cells. It was, 
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however, recently reported from dioxin-receptor knockout 
mice that the AhR is essential for the development of the 
liver and immune system, suggesting a physiological role 
for the AhR unrelated to its planar halogenated aromatic 
ligands [20]. Other members of the helix-loop-helix motif 
containing transcription factors play also an important role 
in developmental processes, such as the MyoD-family in 
myogenesis [35]. Taken together, these results might sug- 
gest a possible biological function for the dioxin receptor 
in the regulation of epidermal homeostasis. 
One /xM RA suppressed features of keratinocyte differ- 
entiation as in other mammalian keratinocyte cell culture 
systems, whereas lower concentrations of RA were ineffec- 
tive [33]. The regulatory mechanisms involved in retinoid 
action on the process of keratinocyte differentiation are 
still largely unknown [33]. The pathways by which RA 
operates are unclear, since RARs can be activated already 
by 10 -9 M RA [36]. A qualitative role for cytosolic RA 
binding proteins (CRABP) in the control of differentiation 
by RA seems unlikely [37], but a role for RXRs, which are 
active only at high RA concentrations, i  discussed [38]. 
The expression of several keratin genes has been found to 
be diminished as a consequence of retinoic acid treatment, 
and repression was also observed when 5' upstream se- 
quences were used to drive chloramphenicol acetyltrans- 
ferase reporter gene expression in SCC-13 keratinocytes 
[39]. A retinoid response lement was suggested to exist 
and to be functional for the human keratin 14 gene [40]. 
A direct action of RA-activated retinoic acid receptors 
on keratin gene transcription is, however, not unequivo- 
cally demonstrated until now. The level of transcripts of 
RAR7 and RXRa remained unaltered in the course of 
differentiation or by the action of RA, but RA nevertheless 
failed to affect the gene expression of AhR, ARNT and 
keratin 4 in already differentiated cell cultures. This argues 
against an independent direct interaction of liganded 
retinoic acid receptors with responsive lements of the 
promoters of the differentiation-related g nes and demands 
an additional factor which complexes with retinoic acid 
receptors or acts intermediately. 
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